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A novel papillomavirus was cloned from hyperkeratotic cutaneous lesions of a Persian domestic cat. The Felis domesticus
papillomavirus (FdPV-1) genome counts 8300 bp and has a typical genome structure with an early region (E1, E2, E4, E6, E7),
a late region (L1, L2), and a noncoding upstream regulatory region (URR or NCR1) between the end of L1 and the beginning
of E6. The FdPV-1 also shows an unusual second noncoding region (NCR2) of 1.3 kb, situated between the end of E2 and the
beginning of L2. This NCR2 is uniquely related to a similar region in the canine oral papillomavirus (COPV). Phylogenetic
analysis places FdPV-1 together with COPV, the cottontail rabbit papillomavirus, human papillomavirus type 1 (HPV-1), and
HPV-63 in the group of the benign cutaneous papillomaviruses. The position of FdPV-1 in the phylogenetic tree allows us to
hypothesize that already in an early phase of the papillomavirus molecular evolution, a split occurred into viruses with a dual
tropism primarily for cutaneous epithelia but also secondarily for mucosal surfaces, and viruses with a specific monotropism
for mucosal surfaces. The close relationship between FdPV-1 and COPV, and between their Canidae and Felidae hosts,
supports the hypothesis that papillomaviruses have speciated and coevolved together with their hosts throughout vertebrateINTRODUCTION
The papillomaviruses form a large group of pathogens
that cause epithelial proliferations in a wide spectrum of
vertebrate species. More than 100 different human pap-
illomaviruses (HPV) have been isolated (Van Ranst et al.,
1994). A comparable genotype variety has not yet been
detected in animal species, although papillomaviruses
have been isolated in most species where an investiga-
tional effort has been made (Sundberg et al., 2000).
Most papillomaviruses appear to be species-specific
or at least restricted to infection of closely related ani-
mals within the same genus. Case reports have de-
scribed papillomavirus-containing lesions in the domes-
tic cat (Felis domesticus) and in five other wild and
captive exotic felid species: Asian lion (Panthera leo),
snow leopard (Panthera uncia), bobcat (Felis rufus), Flor-
ida panther (Felis concolor), and clouded leopard (Neofe-
lis nebulosa) (Sundberg et al., 2000).
The Felis domesticus papillomavirus was isolated
from flat sessile cutaneous hyperkeratotic lesions from a
13-year-old male castrated domestic short-haired Per-
1 To whom correspondence and reprint requests should be ad-
dressed at Laboratory of Clinical and Epidemiological Virology, Depart-
ment of Microbiology & Immunology, Rega Institute for Medical Re-313sian cat, which had an inherited albinistic trait with coat
color dilution suggestive of Chediak–Higashi syndrome,
a form of immunodeficiency. The cat had received long-
term corticosteroid therapy, which might have contrib-
uted to the immune suppression (Carney et al., 1990).
Similar lesions have been described in a cat infected
with feline immunodeficiency virus (Egberink et al., 1992).
Immunodeficiency is known to predispose both humans
and dogs to papillomavirus infection (Sundberg et al.,
1994). The papillomatous lesions in the domestic cat
were similar to those of humans with various degrees of
immunosuppression, particularly individuals with auto-
somal recessive epidermodysplasia verruciformis (EV)
and iatrogenic immunosuppression for renal transplan-
tation (Majewski et al., 1996).
This article describes the genomic cloning and com-
plete sequencing of the first felid papillomavirus from a
cutaneous lesion of the domestic cat. It was abbreviated
FdPV-1, following the nomenclature guidelines for non-
human papillomaviruses (Sundberg et al., 1996a).
RESULTS AND DISCUSSION
FdPV-1 complete genomic sequence
The complete nucleotide sequence of FdPV-1 contains
8300 basepairs (bp) (Fig. 1) and has a GC-content of 46%.evolution. A papillomavirus mutation rate of 0.73 to 0.96  108 nucleotide substitutions per base per year was calculated.
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The size of FdPV-1 is substantially larger than that of
other papillomaviruses, most of which fall into the 7300-
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FIG. 1. Nucleotide sequence of the Felis domesticus papillomavirus type 1 (FdPV-1), GenBank Accession No. AF480454.
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to 7700-bp size range. FdPV-1 is the third largest papil-
lomavirus, after the canine oral papillomavirus (8607 bp)
(Delius et al., 1994) and the white-tail deer papillomavirus
(DPV; 8374 bp) (Groff and Lancaster, 1985). The fact that
the size of the cloned FdPV-1 insert corresponds to the
size of the episomal viral genome on Southern blot, and
that the part of the E1 ORF containing the EcoRI cloning
site was homologous and colinear to the corresponding
region in COPV, confirmed that no sequences had been
lost during the establishment of the FdPV-1 clone. The
position of the first nucleotide of the FdPV-1 genome was
fixed after alignment with other PV sequences and was
chosen in homology with the first nucleotide of the ca-
nine oral papillomavirus (COPV) and HPV-1.
Open reading frame organization of early and late
genes
All characterized papillomaviruses have their open
reading frames (ORFs) on the same coding (sense)
strand of their circular double-stranded DNA genome.
FdPV-1 contains seven major ORFs coding for five early
(E) proteins E1, E2, E4, E6, and E7 and two late (L) capsid
proteins L1 and L2 (Fig. 2). The exact location of the
FdPV-1 ORFs and the size of the FdPV-1 protein se-
quences are found in Table 1 and are compared with the
corresponding ORF data from COPV.
FdPV-1 sequence similarity to other papillomaviruses
The sequence similarity between FdPV-1 and COPV,
HPV-1 (a benign cutaneous PV), HPV-5 (an epidermodys-
plasia verruciformis-associated PV), HPV-16 (a prototype
mucosal high-risk PV), and bovine papillomavirus type 1
(BPV-1, a fibropapillomavirus) was investigated by pair-
wise alignments of the corresponding ORFs and their
proteins (Table 2). FdPV-1 showed the highest percent-
age similarity to COPV and HPV-1. Maizel–Lenk (dot)
matrix plots illustrate the remarkable similarity between
FdPV-1 and COPV (Fig. 3A). The overall similarity be-
tween FdPV-1 and the cutaneous COPV and HPV-1 (Fig.
3B) is higher than the similarity with the mucosal HPV-16
FIG. 2. Linear representation of the ORFs of the Felis domesticus papillomavirus type 1 genome. URR, upstream regulatory region or NCR1; NCR2,
second noncoding region.
TABLE 1
Position of the Open Reading Frames of FdPV-1 and COPV
ORF
Nucleotide position
Stop codon Basesa Amino acidsbVirus Start ORF First ATG
E6 FdPV-1 111 141 555 444 138
COPV 8586 102 534 557 144
E7 FdPV-1 518 554 839 321 95
COPV 503 533 824 321 97
E1 FdPV-1 813 831 2652 1839 607
COPV 768 816 2607 1839 597
E2 FdPV-1 2572 2596 3739 1167 381
COPV 2530 2551 3706 1176 385
E4 FdPV-1 3170 no ATG 3503 333 111
COPV 3116 no ATG 3461 345 115
L2 FdPV-1 4980 5013 6540 1560 509
COPV 5267 5288 6827 1560 513
L1 FdPV-1 6407 6467 8054 1647 529
COPV 6798 6837 8346 1548 503
a Number of bases from the first base of the ORF until the last base of the last amino acid before the stop codon.
b Number of amino acids which would produce the predicted proteins if translation starts at the first ATG of the ORF, except for E4 which does not
have a start codon and therefore hypothetically begins at the first in-frame amino acid.
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(Fig. 3C), and with the fibropapillomavirus BPV-1 (Fig.
3D), where the similarity only remains visible in the most
conserved parts of E1 and L1.
Early genes
The E6 contains four C-X-X-C motifs, whereas the E7
contains two such motifs. The E7 also contains the
conserved retinoblastoma tumor suppressor binding do-
main (DLRCYEQMPGEEE). The E1 codes for the largest
FdPV-1 protein (607 amino acids). The ATP-binding site of
the ATP-dependent helicase (GPPNTGKS) is conserved
in the carboxy-terminal part of E1. The E2 contains a
leucine zipper domain (L-X6-L-X6-L-X6-L). The E4 ORF is
completely contained within the E2 gene. Typically, it
does not contain a start codon. A high proline content is
a peculiarity of the E4 ORF, and the FdPV-1 E4 has a high
percentage of cytosine di-, tri-, and tetranucleotides,
which results in 21 proline residues (coded for by CCN)
of 111 amino acids.
Late genes
The late region contains the capsid protein genes L1
and L2. Both L1 and L2 have a nuclear localization signal
at the 3 ends. FdPV-1 and COPV share the highest
percentage similarity in the L1 proteins (75%). Since L1 is
the protein most likely to interact with species-specific or
cell-type-specific host receptors, it would be interesting
to know if FdPV-1 would be infectious for dogs, and vice
versa.
Upstream regulatory region (URR)
In FdPV-1, the classic noncoding region or upstream
regulatory region (URR or NCR1) between the stop codon
of L1 and the first ATG in E6 is only 384 bp long (nt
8056–140). This is similar to COPV, where the URR is 360
bp (Delius et al., 1994).
To activate the origin of replication, an E1/E2 complex
has to bind to the URR. Papillomaviruses usually contain
an E1-recognition site situated in the middle of two
E2-binding sites. An E1-recognition site (TGATTGTTGT-
TABLE 2
Percentage Nucleotide (Amino Acid) Similarity of the Different FdPV-1
ORFs with the ORFs of COPV, HPV-1, HPV-5, HPV-16, and BPV-1
FdPV-1 ORF COPV HPV-1 HPV-5 HPV-16 BPV-1
E6 46 (39) 48 (33) 37 (28) 30 (18) 37 (24)
E7 55 (53) 44 (31) 48 (34) 42 (31) 33 (17)
E1 64 (60) 57 (53) 57 (48) 50 (44) 51 (42)
E2 56 (51) 51 (44) 38 (32) 43 (31) 35 (32)
E4 47 (31) 43 (21) NAa NA NA
L2 59 (59) 49 (44) 45 (39) 35 (31) 33 (29)
L1 69 (75) 60 (57) 55 (51) 53 (46) 54 (47)
a NA; insufficient similarity to allow significant alignment.
FIG. 3. Dot plot matrix (Maizel–Lenk plot) of FdPV-1 with COPV (A),
HPV-1 (B), HPV-16 (C), and BPV-1 (D), illustrating the genome-wide
colinearity of FdPV-1 and COPV, and the sudden interruption of colin-
earity at the FdPV-1 NCR2 region when comparing FdPV-1 with HPV-1,
HPV-16, and BPV-1.
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TAACAAC) can be found at nt 16–32 (Fig. 4). Three typical
palindromic E2-binding sites (E2BS) with the sequence
ACCG-N4-CGGT are found at nt 8233–8244, 59–70, and
78–89. After manual alignment of the URR of FdPV-1 and
COPV, an additional degenerate E2BS with the partially
palindromic sequence ACCG-N4-CGAT could be identi-
fied at nt 8282–8293 (Fig. 4). Since this putative (maybe
low-affinity) E2BS and the E2BS at 59–70 are equidistant
to the E1-recognition site (22 and 26 bp, respectively), it
is likely that this degenerate E2BS might be functionally
important.
The URR also contains at its 5 end (nt 8152–8157) a
polyadenylation site (AATAAA), the CA dinucleotide, and
the G/T cluster necessary for the processing of the L1
and L2 capsid mRNA transcripts, a TATA box (nt 106) of
the E6 promoter, and binding sites for SP-1, AP-1, and
NF-1. No recognition site for a glucocorticoid-responsive
element (GRE), often found in mucosal papillomaviruses,
is present in FdPV-1.
Second noncoding region (NCR2)
The FdPV-1 genome contains a noncoding region
(NCR2) of 1.3 kb (nt 3742–5012) between the end of E2
and the beginning of L2. Since this NCR2 is not present
in HPV-1, HPV-16, and BPV-1, there is a sudden and
complete interruption of the colinearity in this region (Fig.
3). We earlier characterized a similar NCR2 in the COPV
genome (Delius et al., 1994). A BLAST similarity search of
the FdPV-1 NCR2 failed to detect homology with the
NCR2 of COPV or any other known sequence in Gen-
Bank. Only after careful manual alignment of the NCR2 of
FdPV-1 and COPV did the relatively high degree of sim-
ilarity between both sequences appear above the back-
ground of numerous insertions and deletions (Fig. 5). No
E5 or E5-like protein could be identified in the NCR2-
region. In contrast to the noncoding region between L1
and E6, there are no E2BS and no clusters of regulatory
or promotor elements in NCR2. It is possible that (part of)
the NCR2 represents an early integration event with a
piece of DNA of unknown function and origin. There is no
classic AATAAA polyadenylation site in NCR2 to process
the early region mRNAs. Several degenerate or atypical
polyadenylation sites in NCR2 (CATAAA at nt 4079–4084,
AAATAA at nt 4264–4269, or ATATAA at nt 4919–4924) are
followed at an appropriate downstream distance of
about 20 bp by a CA dinucleotide and could putatively
fulfill a polyadenylation role.
Phylogenetic analysis
To make an optimal sequence alignment of 34 human
and nonhuman papillomaviruses, regions of the genome
where 27 or more amino acids could be unambiguously
aligned (one region in E6, three regions in E1, and six
regions in L1) were compiled in a 1030 amino acid
alignment. BPV-1 was chosen as an outgroup in the
phylogenetic tree construction. The resulting neighbor-
joining phylogenetic tree (Fig. 6) clusters the different
papillomaviruses in groups according to their tissue tro-
pism and oncogenic potential (Van Ranst et al., 1992a,
1993). The first major branch (A) clusters the cutaneous
viruses. A first subbranch (I) contains FdPV-1, COPV,
cottontail rabbit papillomavirus (CRPV), HPV-1, and
HPV-63 in the group of the benign cutaneous papilloma-
viruses associated with common warts. FdPV-1 and
COPV form a monophyletic cluster. A second subbranch
(II) contains papillomaviruses associated with epider-
modysplasia verruciformis (EV). The IIa group (HPV-5,
-12, -19, and -25) contains malignant EV-genotypes fre-
quently found in EV-related skin cancer. The IIb group
(HPV-9, -15, -17, -22, -23, -37, -49, -75, and -76) causes
EV-like lesions with a lesser malignant potential. The
second major branch (B) groups the HPVs that infect the
mucosa of the oral and anogenital tract.
Host-papillomavirus coevolution
Comparative genomics of the Felidae has been stud-
ied extensively, and divergence dates of the Felidae
radiation are well-established (O’Brien et al., 1997). Ef-
forts to clone and sequence novel feline papillomavi-
ruses from the Asion lion (P. leo), snow leopard (P. uncia),
clouded leopard (N. nebulosa), Florida panther (F. con-
color), and the bobcat (F. rufus) are currently underway.
Comparing the phylogeny of the feline papillomaviruses
FIG. 4.Manual alignment of the upstream regulatory region (URR) of FdPV-1 and COPV between the TAA stop codon of L1 and the ATG start codon
of E6. Conserved nucleotides are shaded. The E2-binding sites (E2BS), E1-binding site (E1BS), and their FdPV-1 nucleotide positions are indicated.
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and the feline host species might provide an interesting
model to investigate host-papillomavirus coevolution.
Papillomavirus mutation rate
The rates of nucleotide or amino acid substitutions
between two related sequences can be used as a mea-
sure for the time that elapsed since the two sequences
diverged. When the divergence time is known, this mo-
lecular clock principle can also be employed to calculate
a mutation rate. When we hypothesize that FdPV-1 and
COPV coevolved with their carnivorous host species, we
can estimate the mutation rate for papillomaviruses. The
Canidae and Felidae diverged approximately 38 to 50
million years ago (Wayne et al., 1991; Vila et al., 1999).
Based on the composite alignment of 3015 bp of homol-
ogous regions in E6 (378 bp), E1 (1305 bp), and L1 (1332
bp) (i.e., the same regions that were used for the phylo-
genetic tree analysis), we can calculate a mutation rate
of 0.73 to 0.96  108 nucleotide substitutions per base
per year. This compares well to the mutation rate of 1.2
108 that we estimated earlier by comparing artiodactyl
papillomaviruses from the Bovidae (Bos taurus bovine
papillomavirus BPV-1 and -2) and Cervidae (Alces alces
AaPV, Rangifer tarandus RtPV, and Odoicoileus virginia-
nus OvPV) that diverged 30 million years ago (Van Ranst
et al., 1995). The mutation rate for papillomaviruses is
only 10 times faster than the mutation rate of their eu-
karyotic host species (Britten, 1986), and more than four
orders of magnitude slower than the mutation rate of
RNA viruses. This firmly establishes papillomaviruses as
very stable and slow-evolving viruses.
Papillomaviruses have been detected throughout the
world, even in nongregarious hosts. This wide geo-
graphic distribution cannot be attributed to transmission
as an airborne infection, since transmission of papillo-
maviruses requires close direct cutaneous or mucosal
contact. Together with the viral species-specificity and
the relative genomic stability of their double-stranded
DNA, this physical contact requirement makes it unlikely
that interspecies transmission in recent history can ac-
count for the global presence of a spectrum of papillo-
maviruses in many, if not all, mammalian and avian
species. Assuming that, similar to humans, all warm-
blooded vertebrate species have their own set of spe-
cies-specific genotypes (humans have more than 100
HPV genotypes), papillomaviruses could be the oldest,
largest, and most diverse viral family.
Feline papillomaviruses in endangered species:
Emerging infectious pathogens?
Nearly all Felidae, with the exception of the domestic
cat, are on the World Wildlife Fund’s endangered species
list and monitored for conservation concerns. Reduced
major histocompatibility complex (MHC) diversity due to
FIG. 5. Manual alignment of the second noncoding region (NCR2) of FdPV-1 and COPV between the TAG/TAA stop codon of E2 and the ATG start
codon of L2. Nucleotides that are conserved between the two sequences are shaded.
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genetic bottlenecks may be contributing to uniform pop-
ulation sensitivity to emerging infectious pathogens
(O’Brien and Yuhki, 1999). Whenever a population went
through a historic demographic genetic reduction, pap-
illomaviruses seem to become more prevalent. This has
been observed before in pygmy chimpanzees (Pan pa-
niscus) and in Navajo Indians and Greenlandic Inuits,
where species-specific papillomaviruses (HPV-13 and
PpPV) cause oral focal epithelial hyperplasia, a disease
rarely encountered elsewhere (Van Ranst et al., 1991,
1992b).
Since papillomaviruses apparently can infect closely
related species (Sundberg et al., 1991), there is some
concern about possible transmission of papillomavirus
infection by domestic cats that enter zoo grounds to
other felids in captive collections (Sundberg et al.,
1996b).
Evolution of papillomavirus tropism
It can be inferred from the phylogenetic tree (Fig. 6)
that during the molecular evolutionary history of the
FIG. 6. Phylogenetic analysis: (A) The shaded parts of E6, E1, and L1 are the conserved regions of the FdPV-1 genome where 27 amino acids or
more were alignable. A total of 1030 amino acid residues were compiled in the alignment. (B) Phylogenetic tree based on the alignment of 34 different
animal and human papillomaviruses.
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papillomaviruses, there was an early split into HPVs that
infect epithelial skin cells and HPVs that infect mucosal
cells. Given the fact that a similar division into different
ecological niche-specific PVs can already be found in the
nonhuman primate PVs, it is unlikely that this division
occurred during the evolution of the human or even
primate species (Van Ranst et al., 1995). Thus far, no
animal or nonhuman primate papillomavirus could be
identified with a sequence that is similar to the muco-
genital HPVs. This might be due to a sampling bias
because a larger number of cutaneous than mucosal
animal papillomaviruses have been isolated so far, prob-
ably because of the greater visibility and easier access
of cutaneous lesions. COPV is commonly found in canine
oral mucosal lesions (Sundberg et al., 1986). We also
identified COPV in cutaneous lesions in an immunosu-
pressed Shar Pei dog, identifying COPV as a papilloma-
virus with a dual tropism (Sundberg et al., 1994). Yet the
COPV sequence is phylogenetically clearly in the cuta-
neous branch. Since FdPV-1 and COPV are phylogeneti-
cally related, and since papillomavirus-containing le-
sions have been observed in the oral cavity and the
esophagus of domestic cats (Sundberg et al., 2000;
Wilkinson, 1970), it is tempting to speculate that FdPV-1
might also not be restricted to a cutaneous tropism. The
broader tropism of COPV and possibly FdPV-1 might be
explained by the paucity of putative tissue tropism-re-
stricting elements in their unusually small upstream reg-
ulatory region. On the other hand, oral warts in the
domestic cat might be caused by another papillomavirus
(FdPV-2), the existence of which is supported by a differ-
ence in reactivity between FdPV-1 and the putative
FdPV-2 with a panel of group-specific (polyclonal) and
epitope-specific (monoclonal) antibodies on immunohis-
tochemistry (Jenson et al., 1997; Sundberg et al., 2000).
We hypothesize that the “cutaneous” sequence type
(which might allow dual tropism) is the ancestral se-
quence type and that specialization (restriction or mono-
tropism) for the mucosal membranes developed later in
papillomavirus evolution. More sequence data from a
larger number of animal papillomaviruses will be needed
to determine exactly when the division in cutaneous and
mucosal PVs started.
MATERIALS AND METHODS
DNA extraction
Frozen full-thickness skin biopsies were finely minced,
and genomic DNA was extracted as described previ-
ously (Sundberg et al., 1994). Briefly, the tissue was
digested with proteinase K (Boehringer Mannheim, Indi-
anapolis, IN) at 42°C for 12 h, treated with DNase-free
RNase A (Boehringer Mannheim), extracted with phenol
and chloroform, and precipitated with 80% ethanol, air-
dried, and redissolved in TE buffer (10 mM Tris–HCl, pH
8.0, 1 mM EDTA).
Southern blot analysis
Total cellular DNA (5 g) was digested with different
restriction enzymes and electrophoretically separated on
a 1% agarose gel. The DNA on the gel was depurinated,
denatured, and transferred under alkaline conditions to a
charge-modified nylon membrane (Genescreen Plus,
NEN Products, Boston, MA). The membrane was hybrid-
ized under low stringency conditions with a cocktail-
probe consisting of equal amounts (50 ng) of human
papillomaviruses types 1, 11, 16, and 18 (HPV-1, -11, -16,
and -18), chaffinch Fringilla coelebs papillomavirus
(FcPV),Mastomys natalensis papillomavirus (MnPV), and
Micromys minutus papillomavirus (MmPV), radiolabeled
using the random primer extension method with 3000
Ci/mM deoxycytidine 5-(32P)-triphosphate (Amersham,
Arlington Heights, IL). After posthybridization washing of
the membrane under low stringency conditions, the
membrane was exposed to Kodak XAR-5 film for 72 h at
70°C with intensifying screens (Cronex Lightning-Plus,
Du Pont de Nemours, Wilmington, DE).
DNA transformation and cloning
On Southern blot, EcoRI cuts the circular viral genome
once, linearizing it to a band of 8300 bp. Genomic DNA (5
g) was digested with EcoRI, ran on a 1% agarose gel,
and the 8000- to 8500-bp region was cut out from the gel.
The DNA was isolated from the agarose gel slice using
GeneClean II (Bio 101/Qbiogene, Carlsbad, CA), and li-
gated into dephosphorylated EcoRI-cut pUC18. After
transformation of MAX Efficiency DH5 Escherichia coli
(Life Technologies/Invitrogen, Carlsbad, CA), the bacte-
ria were incubated for blue-white colony screening on
agar plates containing X-gal and IPTG. Thirty white col-
onies were screened, and two contained an 8300-bp
insert. Different EcoRI-BamHI, BamHI-HindIII, and EcoRI-
HindIII subclones in pUC19 were prepared.
DNA sequencing
Nucleotide sequencing was started on the 8300-bp
clone and the EcoRI-BamHI, BamHI-HindIII, and EcoRI-
HindIII subclones from the universal primers in the mul-
tiple cloning site of pUC18/19. Subsequently primer walk-
ing sequencing was performed, using 53 sequencing
primers to cover the complete genome on both strands.
Sequencing was performed on an ABI Prism 310 Genetic
Analyzer (Perkin–Elmer Applied Biosystems, Foster City,
CA) at the Rega Institute core sequencing facility. Chro-
matogram sequencing files were inspected with Chro-
mas 2.2 (Technelysium, Helensvale, Australia), and con-
tigs were prepared using SeqMan II (DNASTAR, Madi-
son, WI).
DNA sequence submission
The nucleotide sequence data reported in this article
were deposited in GenBank using the National Center
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for Biotechnology Information (NCBI, Bethesda, MD)
BankIt v3.0 submission tool (http://www3.ncbi.nlm.nih.
gov/BankIt/) under Accession No. AF480454.
DNA and protein sequence analysis
DNA and protein similarity searches were performed
using the NCBI WWW-BLAST (Basic local alignment
search tool) server on GenBank DNA database release
118.0 (Altschul et al., 1990). Pairwise sequence align-
ments were calculated using the GAP-program on the
Sequence Analysis Server at Michigan Technological Uni-
versity (http://genome.cs.mtu.edu/align/align.html). Maizel–
Lenk dot matrix plots were calculated via the DotMatrix
module on the “Molecular Toolkit” server of Colorado
State University (http://arbl.cvmbs.colostate.edu/molkit/
dnadot/index.html) using a window size of 19 nucleotides
and a mismatch allowance of 5. Multiple sequence align-
ments were prepared using CLUSTALW (Thompson et
al., 1994). Phylogenetic trees were constructed using the
neighbor-joining method in TREECON for Windows (Van
de Peer and De Wachter, 1997).
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